Techniques are available to minimize the concentration of asbestos fibers in drinking water. Filtration research conducted at locations on Lake Superior and in the Cascade Mountains in Washington has shown that amphibole and chrysotile fibers can be removed by granular media filtration. Removal percentages can exceed 99% when the raw water is coagulated properly and the filtered water turbidity is 0.10 ntu (nephelometric turbidity units) or lower. Filtered water fiber counts below detectable limits of 0.1 to 0.01 x 106 fibers/L can be attained. A study by the Metropolitan Water District of Southern California showed that when raw water chrysotile counts ranged from 200 x 106 fibers/L to 2000 x 106 fibers/L, filtered water fiber counts frequently exceeded 1 x 106 fibers/L. Even so, striving to attain a filtered water turbidity of 0.1 ntu resulted in improved fiber removal.
Introduction
The discovery of asbestos fibers in the drinking water of Duluth, MN, in 1973 caused a high level of interest in the health implications of ingested asbestos. While health effects studies were being planned and carried out, engineering investigations were also undertaken to develop information on effective techniques for removing asbestos fibers from drinking water. At signed and operated to remove most of the fibers. When AC pipe is used to transmit aggressive water, formation of a coating on the pipe wall can decrease the extent of deterioration of the pipe and the erosion of fibers from the pipe wall into the water.
Control of Asbestos in Raw Water
Water filtration processes, when operated properly, have been shown to reduce substantially the asbestos fiber concentrations in drinking water.
Pilot plant studies in Duluth in 1974 showed that both granular media filtration and diatomaceous earth filtration could produce low turbidity filtered waters with greatly reduced amphibole fiber concentrations (1) . Treatment of raw water with alum and nonionic polymer was the most effective technique for granular media filtration. Diatomaceous earth (DE) filtration techniques that were most effective involved conditioning the diatomaceous earth filter aid with alum or a polymer or conditioning the raw water with a polymer. Pressure DE filtration was more effective than vacuum DE filtration.
Filtration plants on Lake Superior were built or remodeled at Duluth, Two Harbors, Beaver Bay, and Silver Bay in Minnesota. The Lakewood Filtration Plant at Duluth has been studied and reported upon extensively (2) (3) (4) (6, 7) . A limited amount of research on asbestos fiber removal was also carried out as a part of a pilot plant study at Everett, Washington (8) . Chrysotile fiber removal exceeding 99% was demonstrated in both of these projects.
After the Lake Superior and Cascade Mountain studies were completed, pilot plant and full-scale treatment plant operating data were reviewed and summarized (5) . The relationship between filtered water turbidity and fiber count was scrutinized in a paper by Logsdon et al. (9) , who concluded that granular media filters should be operated to produce a turbidity of 0.10 ntu or lower if fiber removal is a goal of filter operation. The most important factor involved is properly conditioning the raw water before filtration so that a very low effluent turbidity is produced. Alum The MWDSC study at the treatment plants was divided into two recurring intervals of operation. During standard plant operation, turbidities normally were in the range of 0.20 ntu to 0.35 ntu. In the periods of optimized operation, extra treatment chemicals were used to lower the filtered water turbidity to 0.10 ntu or below as frequently as possible. Probability plots (10) showed that (11) .
In the early 1970s, concerns about asbestos fibers in drinking water led to investigations of the potential for contribution of asbestos fibers from AC pipes used to carry water. In 1974, a special report on this problem was published by the American Water Works Association (12) . One of the projects described in the report was an AC pipe loop water recirculation study conducted by Johns-Manville. An EPA project to verify the results of the earlier pipe loop study was begun in 1974 (13) . When the operation of a pipe loop containing 4-in. and 6-in. AC pipes proved to be extremely difficult, a system of 100-gal. recirculating tanks was developed and used by Buelow et al. (13) . AC pipe coupons (1.5 x 6 in.) were exposed to the test water in these tanks.
During the same time period, evaluations of AC pipes in field use were conducted it 10 locations (13). Four systems with soft, low pH water had deteriorated AC pipe. Problems in one system included clogged water meters, fiber accumulation at strainers on washing machine hoses at a laundromat, and fiber buildup in a kitchen faucet strainer. Thus the field investigations established that aggressive water can attack AC pipe and showed the need for studies of ways to prevent the attack on the pipe or to rehabilitate deteriorated pipe. Laboratory and field studies have shown that the deposition of a coating may protect AC pipe. Iron coatings were reported by Buelow et al. (13) to be protective in a water distribution system and in an experimental pipe loop, but use of iron might result in complaints from rusty or "red" water. Deposition of calcium carbonate layers on AC pipe coupons as well as coating AC pipe coupons with a zinc precipitate was shown to impart protection to the pipe (13) .
A theoretical explanation of the protection of AC pipe by zinc, iron, and calcium carbonate was given by Schock and Buelow (14) . They concluded that the Aggressiveness Index (15) is not appropriate for predicting fiber release from AC pipe and deterioration of the inner wall of the pipe because the index fails to take into account possible protective constituents such as silica, iron, manganese, and zinc and because the pipe wall is primarily calcium silicate rather than calcium carbonate. They also reported that some coating mechanisms may prevent the release of fibers but not seal the cement pipe matrix from dissolution. In regard to the use of zinc compounds for corrosion control, they concluded that the chloride, sulfate and orthophosphate salts of zinc protected AC pipe by formation of zinc hydroxycarbonate precipitate, but that only zinc orthophosphate also offered protection for metal pipe in systems containing both AC pipe and lead service lines or plumbing (14) . AC pipe protection by zinc precipitation is pH dependent. Best results are expected at pH values above 8.0.
Field studies have been performed to evaluate AC pipe protection on a larger scale. At Greenwood, SC (16), storage tanks and chemical feed pumps were set up at each of the water treatment plants, and zinc orthophosphate was fed into the system at an average rate of 0.3 mg/L. Two sections of new AC pipe, which were removable for testing, were installed to represent a low-flow and a high-flow water condition. Samples were periodically tested to determine the number of asbestos fibers in the water. The two pipe sections were removed and examined for the amount of zinc deposited on the surface.
Although routine tests, such as pH and alkalinity, showed no significant changes during the study period, asbestos fibers in the water decreased substantially. Electron microscope photographs and energy-dispersive X-ray spectra analyses showed coatings of zinc products on the two pipe samples. Thus, adding zinc orthophosphate under the existing water quality conditions reduced or prevented corrosion of AC pipe.
In a project now underway at Bellevue, Washington, corrosion control strategies have been tested in 100-gal. recirculating tanks, similar to the systems designed and used by Buelow. The tanks at Bellevue are made of polyethylene, rather than stainless steel, minimizing the amount of any kind of metal in the system. The Seattle Water Department, which sells water to Bellevue, has begun to implement a corrosion control program for both the Cedar River water and Tolt River water. Because little or no AC pipe is used in the City of Seattle water distribution system, the objective of Seattle's program is to protect the galvanized pipe and copper pipe in water consumers' plumbing. A corrosion control strategy to protect Bellevue's AC pipe might involve attainment of a water quality different from that of Seattle's or the use of other additivies.
The eight experimental tank tests were started in April 1981 and have been completed. The conditions for each tank are given in Table 2 . The zinc chloride corrosion control strategies tested in tanks T5 and T6 were most efficacious in controlling the attack of AC pipe by Tolt water. No substantial difference was observed between the pH 8.0, 0.6 mg/L zinc dose tank (T6) and the pH 8.5, 0.3 mg/L zinc dose tank (T5); both appear to work well. This conclusion is based on water quality sampling during the testing program, as- bestos fiber counts, and evaluation of the AC coupons exposed to the test waters. Coupon evaluation included hardness tests, weight loss data, and calcium loss measurements made via scanning electron microscope (SEM). During the next phase of the study, addition of about 0.6 mg/L of zinc at pH 8.0 will be evaluated in a portion of Bellevue's distribution system. Buelow observed that some AC pipe coupons used in the recirculating tank studies had softened when exposed to aggressive water and could be gouged by a fingernail, whereas new AC pipe coupons could not be scratched in this manner (13) . The hardness of AC coupons was tested at Bellevue to learn if the pipe had been attacked by aggressive water. Two techniques, the Rockwell "L" scale test and the Durometer hardness test, have been used. Results were consistent between the two types of test. Leaching of calcium from the AC pipe wall can result in softening of the cement material that bonds the fibers in the pipe. This work is a part of the search for an inexpensive, uncomplicated test to evaluate the condition of the inner pipe wall.
Preliminary hardness testing data indicate reasonable results. Table 3 shows the test data from the testing laboratory. The differences between means were significant at the 0.05 level for both pipe A and pipe B as compared to the new pipe C. These procedures will continue to be used during the course of the study.
Discovery of deteriorated AC pipe in one part of the distribution system of the Town of Weston Water Utility resulted in application for an award of a cooperative agreement for in-place rehabilitation of AC pipe. In 1980, a water main was isolated from the distribution system for the research. Parts of the pipeline were treated by Polly Pigs, bullet-shaped foam swabs forced through the main by hydraulic pressure. Other sections In this project, Bakelite-mounted specimens of the AC pipe were prepared and studied. The pipe segment was cut and mounted so that the exposed surface of the pipe in the mount had, on one side, the inner pipe wall and, on the other side, the outer pipe wall. This mounting arrangement permitted observation of a cross section of the pipe.
The pipe cross section was studied by an X-ray analysis technique using the scanning electron microscope. Elemental Results of analysis for asbestos fibers in water circulated in the Weston test mains suggest that although scraping or pigging AC mains can remove the softened portion of the pipe wall, such procedures greatly increase the fiber count of water transmitted in the pipes. Making firm conclusions about the effect of cement mortar lining as a barrier to passage of asbestos fibers from AC pipe into drinking water is not possible because of the poor precision of the asbestos counting procedure when fiber concentrations are low. Nevertheless, a mortar lining would be expected to be a positive barrier to passage of fibers from the pipe wall into drinking water.
Support for the efficacy of the mortar lining as a barrier to asbestos fibers comes from another mortar lining project. Test sections of vinyl-lined AC pipes were lined with cement mortar in the Town of Ashland, Massachusetts, in order to reduce or prevent the leaching of 1,1,2,2-tetrachloroethylene (TCE) into drinking water (17 Although the health effects issues are not completely resolved, EPA has recommended that asbestos exposure be minimized when possible (19) . The techniques used to minimize asbestos exposure may also bring about other water quality improvements. More effective water filtration has greater potential for removal of viruses, Giardia cysts, and bacteria as well as fibers. An active corrosion control effort may help to prevent other corrosion problems in metal pipes. Better distribution system operation and maintenance practices will decrease the amount of debris passing to the taps of water consumers. Attaining these improvements would be consistent with good water works practice.
